Abstract-We present a novel filtering method for building a grid map using sonar sensors. Recognizing that conflicting information from sonar sensor readings is the main reason of poor map quality, we established a proposition that put the conflicting information in order. Based on the proposition, we effectively filtered sonar readings that cause conflict. In addition, some information of filtered readings were not discarded but reprocessed to enhance the quality of the map. We call this filtering and reprocessing operation the conflict evaluation method. We evaluated the proposed method by experiments under various conditions.
I. INTRODUCTION
A mobile robot requires a map of its environment to execute specific tasks, and the research into map building can be divided into three categories: feature maps, topological maps, and grid maps. The grid map [1] , a discretized field that converts a workspace into a spatial lattice, is especially popular because it is easy to acquire, recognize, and understand. In the field, each independent cell has a metric value or a state that indicates whether it is occupied or empty [2] .
Various range measuring devices are used to generate the grid map. In particular, the sonar sensor has been widely used due to its applicability in the workspace, and low cost. The sensor, however, has two well known problems, false reflections ( Fig. 1(a) ) and azimuth uncertainty ( Fig. 1(b) ) [3] , [4] .
In general, a grid map based on sonar sensors can be acquired through modeling sensors, filtering data, and fusing data. In this paper, we focus only on the filtering method.
Although the characteristic of the sonar sensor can be appropriately modeled, all sonar readings are not correct because false reflections frequently occur. Therefore, supplementary methods for filtering incorrect sonar readings are necessary, and this issue has been the subject of considerable research. The Region of Constant Depth (RCD) method [5] uses a geometric constraint based on the radius of a circle. Only sonar readings that satisfy the constraint are taken as being correct. The RCD method is valuable to find corners, planes and cylinders. The Triangulation Based Fusion (TBF) method [6] is similar to the Arc Transversal Median (ATM) method [3] , [4] . Both the TBF and ATM methods gather intersections of sonar arcs and extract the median points among them that are considered to be obstacles. The ArcCarving (AC) method [7] eliminates portions of sonar arcs K. Lee that are contradicted by subsequent sonar readings to derive information relating to the presence and absence of obstacles. TBF, ATM and AC methods are especially useful when an environment is expressed by a point cloud. The Feature Prediction (FP) method [8] assigns confidence measures to each sonar reading to indicate whether it is reliable. The position and orientation of features established by hypothetical obstacles in the robot's local space determine the reliability. The FP method works successfully at a corridorlike environment.
Because the basic motivation of all these methods is the uncertainty of sonar readings and the improvement of the grid map quality, several studies [9] , [10] , [11] have reported that the inconsistent cell is the main source of poor map quality. The inconsistent cell is the grid that contains contradictory information; e.g., a sonar reading indicates the cell as occupied but another indicates it is empty. To solve 
the problem of the inconsistent cell, we classify inconsistent cells into two groups, uncertain cells and conflict cells. The definition of these cells will be described in Section II. The uncertain cell ( Fig. 2(a) ) has been handled by the maximum likelihood approach [11] and the AC method [7] . However, no established approach exists for investigating the conflict cell ( Fig. 2(b) ), although it significantly degrades the quality of the grid map. Because we think that the effect of the conflict cell is more severe than that of the uncertain cell, the issue of the conflict cell is discussed in this paper.
To determine the source of the conflict cell, we establish a proposition, which is that conflict cells are caused by incorrect sonar readings. For simplicity, we will use the term "conflict sonar reading" to refer to the incorrect sonar reading that causes conflict cells. The proposition, which gives necessity of a filtering process and clues to resolve the conflict cell, will be proved by a morphological way that is different from a conventional probabilistic method.
Based on the proposition, we can effectively discern conflict sonar readings and eventually filter out them. If conflict sonar readings are filtered out, there will be no conflict cells, and the quality of the grid map will be improved. In addition, to enhance the quality of the map, all filtered readings are not discarded but instead are reprocessed under simple constraints. We call this filtering and reprocessing operation the Conflict Evaluation (CE) method. We conducted three experiments to verify the performance of the CE method. Each experiment was executed with different types and arrangements of sonar sensors, and our experimental results confirmed that the CE method significantly improves the quality of the grid map under various conditions.
In Section II, we define the inconsistent cell. We establish the proposition about the source of the conflict cell in Section III. Based on the proposition, we describe the CE method in Section IV. Experimental results are given in Section V, and we provide our conclusions in Section VI.
II. DETAILS OF THE INCONSISTENT CELL
Before investigating details of the inconsistent cell, we must classify the regions of a sonar reading. Sonar reading i has two regions ( Fig. 3(a) ): the occupied region O i and the empty region E i . The regions are defined as (1) and (2) . The terms in (1) and (2) are explained in Fig. 3 reading j, respectively. They are also defined as
In (3), inconsistent cells of sonar reading i indicate cells that are in the occupied region of the reading i and simultaneously in the empty region of other readings.
As mentioned in the introduction to this paper, in [9] , [10] , [11] , it has been revealed that the inconsistent cell decreases the quality of the map. To probe further, we try to classify an inconsistent cell into one of two groups, the uncertain cell ( Fig. 2(a) ) and the conflict cell ( Fig. 2(b) ). Conflict cells mean that all cells in the occupied region of a sonar reading are simultaneously in the empty regions of other readings, and are defined as
for I i denoting indexes of sonar readings that each empty region shares with the occupied region of reading i. I i is defined as
where n is the total number of sonar readings. Uncertain cells are inconsistent cells that are not conflict cells. They are defined as
Consequently, the conflict cell comes from inconsistency between sonar readings, whereas the uncertain cell has inconsistency in information that the cell contains. 
III. THE PROPOSITION
Before solving the problem of the conflict cell in detail, we establish the proposition about the source of the conflict cell in this section. The proposition allows us to know the source of the problem and gives clues about the method that solves the problem. Also, instead of attacking the problem using a conventional probabilistic way, we will use a morphological and logical process for this problem.
A. Types of Sonar Readings
To establish the proposition, we need to investigate the properties of the sonar reading from a new perspective. The sonar sensor emits an ultrasonic wave for detecting the nearest obstacle and measures the range, which is calculated based on the time the wave takes to travel from the source to a point on the object and bounce back. The sonar sensor has an active source and we call it the active sensor. The range reading of the active sensor can be classified into three types. Each of the three type classes is illustrated by the Venn diagram in the lower portions of Fig. 4 .
Type 1: Figure 4 (a) shows the first type. Since in this case the sonar sensor detects the nearest obstacle appropriately, we consider this type to be acceptable and the sonar reading to be correct. This type is expressed as N i ∈ O i , where N i is the nearest obstacle in E i O i .
Type 2: Figure 4(b) shows the second type. Although, in this type, the sonar sensor failed to detect the nearest obstacle due to some reason such as false reflections, we consider this type to be acceptable because this type occurs frequently in the real world. This type, however, is considered to be incorrect since the sonar reading gives incorrect information about obstacles. Type 2 is expressed as N i ∈ E i . Type 3: Figure 4 (c) shows the third type. In this type, the sonar sensor measures a specific distance. The distance, however, is not reasonable because the sonar sensor has the active source; without hitting an obstacle, the emitted wave from the sonar sensor cannot indicate the distance. We consider this type to be unacceptable and the sonar reading to be wrong. This type is expressed as N i = ∅. Consequently, readings, which comes from active sensors such as sonar, laser and infrared sensors, should be Type 1 or Type 2.
B. The Source of the Conflict Cell
Now, we assume the situation in which conflict cells occur and then hypothesize the position of real obstacles. After examining the hypotheses, we accept only those that are reasonable. Based on reasonable hypotheses, we can acquire a common point that supports the proposition.
1) Situation: Without any loss of generality, we assume that conflict cells of the sonar reading i occur with several other readings j 1 , · · · , j n . That is, #[I i ] ≥ 1. Figure 5(a) shows an example. The region in which conflict cells occur is the occupied region of the sensor reading in empty regions of other readings and can be represented as Fig. 5(b) .
2) Hypothesis: Next, we hypothesize the position of real obstacles in the Venn diagram (Fig. 5(b) ). Since two regions exist in the Venn diagram, we can have only four hypotheses ( Fig. 6 ):
Hypothesis 1: In Fig. 6(a) , two obstacles are assumed. One obstacle is in O i and the other is in j=Ii E j . As a result of this assumption, the nearest obstacle of the sonar reading i is in O i (N i ∈ O i → Type 1) and some of other readings have the nearest obstacle in E jk (N jk ∈ E jk → Type 2). Thus, only acceptable types exist. 3) Proposition: Based on the above examination, we know that the first two hypotheses contain only acceptable types and others always contain the unacceptable type. In other words, only the first two hypotheses are reasonable.
As shown in Fig. 6 (a) and 6(b), the common assumption of two reasonable hypotheses is that an obstacle is located in O i (N i ∈ O i ). Eventually, we can conclude the following:
If it is assumed that
N i ∈ O i for # [I i ] ≥ 1,
then only acceptable types (Type 1 or 2) remain.
In addition, under the common assumption, Type 2 (N jk ∈ E jk ) always exists. This means that some sonar readings indexed by j are incorrect and they cause conflict cells. The conclusion gives an important clue to resolve the problem of the conflict cell.
For understanding of the conclusion and the clue, Fig. 7 (a) shows a real case that conflict cells occur. In the case, the sonar reading (i) is correct whereas sonar readings (j 1 &j 2 ) are incorrect. If we apply above conclusion, then the sonar reading (i) is considered to be correct (Fig. 7(c) ) though it is not decided yet that which one of sonar readings (j 1 &j 2 ) is incorrect. The decision will be discussed in Section IV. As opposed to Fig. 7(c) , TBF [6] , ATM [3] and AC [7] methods, which are conventional filtering algorithms, result in wrong sonar readings as shown in Fig. 7(b) .
Based on the conclusion, we can establish the following somewhat self-evident but meaningful proposition:
Conflict cells are caused by incorrect sonar readings.
As already noted, we call these sonar readings conflict sonar readings. In summary, conflict sonar readings exist whenever conflict cells occur.
The proposition might be taken for granted. However, it shows that the conflict cell has a distinctive feature from the uncertain cell. Since the uncertain cell is frequently caused by correct sonar readings and does or does not require the filtering process depending on situations, the proposition leads us to find out the difference between the uncertain cell and the conflict cell, and confirms that the conflict cell requires the filtering process at all times.
IV. CONFLICT EVALUATION METHOD
In this section, we describe the CE method for filtering and reprocessing conflict sonar readings. First, we summarize the CE method with the simple flowchart in Fig. 8 . Because the CE method works incrementally, the procedure in Fig. 8 is executed once each time a sonar reading occurs. After receiving the sonar reading, the process checks to see whether conflict cells occur. When conflict cells do occur, the filtering process is executed until no conflict cells remain. After removing conflict cells, the filtered readings are reprocessed.
A. Filtering Conflict Sonar Readings
As noted in Section III.B, it is reasonable to assume that an obstacle is located in O i (N i ∈ O i ) when conflict cells occur in O i . That is, sonar reading i cannot become the conflict sonar reading, and only the sonar readings indexed by j can be the conflict sonar reading.
For extracting conflict sonar readings, we divide the j=Ii E j into two regions ( E ja and E jb ) under the assumption N i ∈ O i . As in Fig. 9 , the division is also aimed at minimizing the region O i ( E ja ). For increasing the quality of the grid map, minimizing the region is necessary because the region is the inconsistent cell, or more strictly, the uncertain cell. After the division, some sonar readings belong to Type 2. Since we consider sonar readings of Type 2 to be incorrect, they become conflict sonar readings and are filtered.
B. Reprocessing Filtered Sonar Readings
Although the conflict sonar reading is filtered, it is not entirely wrong, and the first part of it contains useful information because the sonar sensor has an active source (Fig. 10) . We reprocess these sonar readings to acquire useful information from them.
In reprocessing, the range of a filtered sonar reading is reduced to the nearest occupied cell as shown in Fig. 11 . In addition, the reduced reading has only the empty region so as not to cause inconsistent cells with correct sonar readings.
V. EXPERIMENTAL RESULTS
We used the posterior approach [1] , [12] for fusing sonar readings into the grid map. This is one of the best known fusing methods and is easy to implement. Its details are given in [2] .
We conducted experiments in three indoor environments using two types of sonar sensors (Polaroid R134-600 and Murata MA40B8R) to evaluate the performance of the CE method. The cell size was set at 5 cm × 5 cm. Sampling frequency of sonar data was 4 Hz. The translational velocity and the rotational velocity of the robot were set to 150 mm/s and 25 deg/s, respectively. We acquired positions of the robot from the EKF-Based SLAM [13] . Grid map produced using no filtering method (By revising parameters of the posterior approach so as to emphasize occupied regions, obstacles will become visible and but narrow openings will disappear. By revising them as opposed direction, narrow openings will become visible and but obstacles will vanish. Thus, this trade-off makes hard to represent environment). (c) Grid map produced using the CE method.
The first experiment was conducted in a corridor using 12 Murata sensors in the configuration shown in Fig. 12 . The maximum admissible sensor range and beam width were set to 2.5m and 45
• , respectively. Since our aim was to evaluate the performance of the CE method, we required an accurate reference map. We used a laser rangefinder to create the reference map shown in Fig. 13(a) . For comparison purposes, Fig. 13(b) is the grid map created from raw sonar readings without applying any filtering methods. It is obvious that the map is useless for navigation, localization, or other purposes. Figure 13(c) is the grid map produced using the CE method. Its quality is excellent compared to the raw grid map (Fig. 13(b) ). Figure  13 (c) is almost similar to Fig. 13(a) in that it also has features that is opened and closed to get through like in Fig. 13(a) . Especially, two legs of a desk that are shown in the ellipse of Fig. 13(a) are also expressed in Fig. 13 (c) although they are not shown in Fig. 13(b) .
B. Experiment 2
The second experiment was conducted in our laboratory using 16 Polaroid sensors in the configuration shown in The maximum admissible sensor range and the beamwidth were set to 3m and 20 • , respectively. Figure  14(a) shows the accurate grid map obtained with the laser rangefinder and Fig. 14(b) shows the grid map based directly on raw sonar readings. Figures 14(c)∼14(e) show the grid maps produced using different filtering methods while Fig.  14(f) is the grid map produced using the CE method. Compared to the other grid maps, the map created using the CE method is clearly superior.
We used the Conflict Metric (CM) proposed in [10] to evaluate the map quality quantitatively. Based on the Dempster-Shafer theory [14] , the CM explicitly measures quality of the map, which is acquired by sonar sensors, without a reference map. A smaller value of CM indicates a better quality of map. Table. I shows the CM for the different filtering methods used in this experiment. This also indicates that the CE map has the best quality. 
C. Experiment 3
The third experiment was conducted in a homelike environment. Figure 15(a) is the CAD map of the environment. We used only two Murata sensors, one on the left side and one on the right side of the sonar ring shown in Fig. 12 . The aim of this experiment was to determine whether the CE method works well for the case in which the number of sonar readings may not be sufficient. As shown in Figs. 15(b) and 15(c), proposed CE method works very well in such a situation.
VI. CONCLUSIONS
In this paper, we defined conflict cells, which degrade the quality of the grid map. We approached the problem from a morphological perspective which is different from conventional probabilistic methods. Using this morphological process with active property of sonar sensors, we divided sonar readings into two types : acceptable and unacceptable. These logical classification naturally leads us to a somewhat evident proposition. Based on the proposition that conflict sonar readings cause conflict cells, we proposed the CE method to remove conflict cells. The CE method filters and reprocesses conflict sonar readings. The experimental results show that the CE method can provide an excellent quality grid map. The main advantages of the CE method are as follows:
• It can be operated incrementally. Processing each sonar reading requires an average of 1.6 ms on a 3.2 GHz computer.
• Its performance is not affected by the arrangement of the sonar sensors. We also showed the possibility of using only two sonar sensors.
• It produces an excellent grid map with various types of sonar sensors (Polaroid and Murata).
• Its underlying principle can be applied to other active sensors such as laser and infrared sensors.
• Because the cost of the sonar sensor is much lower that one of the laser sensor, the cost effectiveness of this method is beneficial to commercial applications.
